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Abstract

This  paper describes marimunl likelihood estirncr-
t i o n  t e c h n i q u e s  for performirlg rover localizatio?t in
natural terrain by matching range ntaps. An OCCU  -

pancy  map of the local terrain isgertef’ated usirigstcreo
visiou. The positioa of the  rover rvith respect to a pre-
viously generated occupancy map M then computed by
comparing the maps using a probabdistic  formulation

of  [[ausdoz-ff m a t c h i n g  iechrtiq~lcs. Our?rtoti?latio~lfor
this work is the desire for greater autononly in Mars
rozers. These  techniques  have been applied to data
obtain edjrom the  Sojouz’aer h!ar’s  rover and ran on-
boardlhe Rocky 7 Mars rover prototype.

1 Introduction

Visual sensors can be used to reduce the positional
uncertainty in mobile robots that is accumulated due
to dead- reckonirlg  error [13]. l’his paper describes a
method for perforrnitlg self-localization in natural ter-
ra in  by  matching  a  range  map gellcratcd from tlIc
robot  cameras  ( the  local  7rlap) to a ra[lge map en-
compassing the sanle terrain that IIas ken previously
generatcc]  (the global map).

10 perfornl localization, we first compute an occu-
pancy map of the terrain fron] stereo imagery. This
local map is compared to the global map using a simil-
arity measure based on the Ilausdorff  distance [5]. J$’c
have generalized the measure to arbitrary probability
distributions using the principal of nlaximum likeli-
l~ood estimation and modified it to api)ly to terrain
occupal)cy n~aps.  The best relativt’ pos i t ion  between
the maps is located using a Ilierarchical search tttat
guarantees that the best position in a discretizcd pose
space is found.

Our motivation for pursuing this \vork  is the I.ong
Range Science Rover project at J 1>1,, which  has de-
veloped the Rocky ‘i hIars rover prototype ~1]. ~’here
is a current need for increzsecl  self-  local  i7jatiorl al>ility

in Mars rovers in order to perform with greater au-
tonomy from both operators on Earth and from the
lander bringing the rover to h[ars. For example, the
Sojourner Mars rover is Iin]ited to moving short dis-
tances during each downlirlk  cycle due to positional
uncertainty, ‘1’he method by which dead-reckoning er-
rors are corrected for Sojourner is through a human
operator overlaying a model of the rover on stereo
range data computed from do~vnliuked  imagery of the
rover  taken by the lander [I 2].

‘J’here are a number of scenarios in which these tech-
niques caa t)e used in the context of a hlars miss ion .
}Vhile  operating in a small area containing several sci-
ence  targets (such as the area around the lander that
Sojourner has operated irl),  we may perform localiza-
tion usir~g the panoramic imagery generated at the
center of the area as our global map. \Yhile this is not
crucial lvl]er~ the lander can see the rover. The next

genera t ion  Mars rover \vill have a mast with stereo
cameras that will allow it to generate panoramic inl-

awry whet~ it is not near the  lander .  See  Figure  1 .
\Ve can then perform localization by matching the
parlorar~lic  rarlge Illaps generated using the nmt illl-

agcry to maps generated from either the low-to-the-
ground navigation cameras, if possible, or by raising
the mast to i[nage interesting terrain, if necessary.

I’revious \sork on performing localization using vi-
sual landmarks for rovers on extra-terrestrial missions
[1] has concentrated on rough localization in a large
area by detecting nlouIltaili peaks and maximizing the
posterior probability of the position given the direc-
tions to the mountains. The average error in the lo-
cali7. at. ioa of this systenl is 91 meters in the two exper-
imer~ts  reported. In coIlt r~ost, }ve are concerned with
firic localization ill a relatively small area, and achieve
errors Uluch slnallcr tharl a meter.

‘1’he techniques described here are effective wtlen-
evcr  a dense range map can be geaerated in the robot
local coordinate frame and wc have a range map of
tile same terrain in the frame of refcretlce in which
~ve wish to localize the robot, Tfrc can thus use  either
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rover  Illast or IIavigation  i[[]agery  to gcllerate the local
map.  The globs]  IIlap  Illig}lt alsc) consist of tl]c  rover
mast or navigation imagery,  t~llt it co(llcl also consist of
inlagery frotn the landf’r  (including descent ilnagrry ’),
a n d  it is possib[e that orl)ital i[nagrry could bc used,
although it  is not Ii fiely that Jve wili  have  orbital ittl-
agcry of sufTlcient  resolution to us~’ for accurate row
Iocalizatioa in the near future [8].

\Ve have t,ested  thfm tccllni({o<s  by Illatchillg ter-
rair( on Liars tflat lvas i[naged witl]  Sojourner’s stereo
cameras to a  terra in  rrlal) geoeratcd frolll the s t e r e o
callleras o]] the Pathfllld(’r lanclcr.  ‘1’he r e s u l t s  i n d i -
cate that self-localization can pcrfor[n(’cl  with tllrsr
techniques  tlearly as well as a h(l!llail  operator with-
out requiring a do~vnlillfi cycle. Tflesc kclilliques  have

also been il[lplc[mntt’d  on-board Rocky  7 w’itb good
mults.

2 ‘1’errain m a p s

for olwt acle  det t’ct ion. ‘1’he tecbni(lues  that $ve use to
coll~i~ute t l~c stereo range data have been d e s c r i b e d
elst~lvlit’re [6, i’], so Ive sullllllarize Only tile inlportant
i)oillts l~erc.

~\It Ofr-lille stei), Ivllere  tile stert’o ca[ncra rig is cal-

il)riilt>(l, Illl[st first  IW iwrforllt(’d.  \Ye use  a  c a m e r a
II IO(ICI I.llat allo}vs arl)itrary aflillt> transforlllation o f
tllc illla:e l,latlc [1.1] and t h a t  Ilas  lw?ll  cXtCllded to

ilicllldt’  r a d i a l  Ietis tlistortioll (2]. ‘1’l]c rr[t[aiflder o f
t  Ile Ill(tllo(l ih iwrfortilcd on-liile.

f i r s t  lvaril(’cl t o  reillovt’f\t rtlll-tltll(~.  eacl] IIllagf’ 1s
(Ii(’ 1(’lts (Iistortioll  all(l tlie itltagt’s  a r e  r e c t i f i e d  s o
ttiat tlt(’ rorr(si~otl~li(lg  scal~-lillw  yifld corrt5i)otidiug
el)ilmlar  lill(~s ill tll(’ i[tiage. ‘]’IIc (Iisi,mrity l)t’twecn tllr
kft aliil  rigl)l ililagw is Illcasllred for each  i)ix~l by lnin-
itllizillg t lit’ slllll-of-s(l{t ilrf’tl-cli fftrt’llc(”  (SS[)) Illeasure
o f  Jvillflolvs around tile ~)ixf’1 ill tile Ijai]]acian o f  tbt’
illlag(’  ovt~r a fi[iitt~  (Iisi)arity range. Sul)pixel dispari ty
cst illlatcs arc colnputcd usitlg ijarabolic irlteri)olation

oil tile SS1) valuw ncigllt)oring ttle m i n i m u m .  Out-
Iiers  are rclllovt’d  through cons is tency  checkiwg  and
st[ioottting  is i)erforllled over a 3x3 ~vindow  to reduce

noist’. l:illally,  tile coordinates of each i)ixel  are coln-
~ll]ted using triaaglllation.

Oilce a rang(’  tnap l~as t,eeu c o m p u t e d  f r o m  the
s t e r e o  i[nagcry, Jve convert it into a voxel-ha.wd  m a p
rei)rw:ntation. \\’e  first ro ta te  the data such that it
tliLS tilt’ sanlt’  re la t ive  or ienta t ion as  the mai)  we are
cotlli)aril~g  i t  to. llcrc MY’ ol)erate undt’r  the  assolni)-
tioll  that the oriclltatioll of tbf’ robot is known  through
scllsors ottier ttlail vision  (for ~xa[llplt’,  both Sojourner

all(l I{ocky  T Ilavc  a gyrocolllljass  and accelerometers
and Rocky  i also uses a SU]I sensor for orientation dc-
terillinat ion). Ilolvcvcr, these techniqum can be gen-
eralizecf  to deterlt]in(’ tile robot’s orientation, as well.

‘J’IIc Ilext  ste}) is to bin tl~e ra[lgc points in a three-
dilllcnsional occul)ancy  nlai) of  the  sur roundings  a t
SOIIIC specifie(f  scale. \Ye elit]linate tile need to search

over  tt)e  possible translations of the robot in the :-
dirf;ctioli l)y subtracting a local average of the terrain
height froth each cell  (i.e. a high-i)  ass  filter). l’his stei)
is [Ic)t strictly [Iecessary,  allcf it reduces our ability to
dt~t crn~ine  height  changes in t be i>osit ion of the robot,
bllt  it also reduces tlte colui)utation time that is re-

qlllre~l to iwforlll local  i7, zition.  A subsequent stei> can
t~e i~erfort[~etf to drternliae the rover height, if desired.
I;acb c(ll in tile occui~ancj’  niap that contains a range
i,ixel  is said to l)r occuplf(l.  and tile otllt’rs  are said to
t)e Uaocclfplfd,

I>igure 2 g,ivw at] exall~ple  o f  a  terrail] n~ap t h a t
was generated usitlg illlagf,ry  frolll  ttle llars Pathfinder
[I[issioll.
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l’erraiu  map generated from stereo i[uagcry.

3 M a p  similarity m e a s u r e

JVC have developed a similarity measorc for colnlJar-
ing  images and m a p s  by reforrlllllatillg a co[lvctltio[~al
iroage matching measure based 011 tile f[ausdorff dis-
tance [5] in probabi l i s t ic  terms using tile princiI)al of
maxinlum likelihood est irnatior) [9].

In order  to  formula te  tile Iilatcllitlg  p r o b l e m  in
t~rn]s of maximun;  l i k e l i h o o d  estitl)ation, }vc I)]ust
have  SOIIIe set o f  rllt>asllr~’111~’llts tlIat a r c  a furlcliol)
of  the  rover  pos i t ion .  \Ye use (lIf’ distal]ces frolll  tile
o c c u p i e d  voxcls  itl the local occul)ancy  llla~) to tllcir
clc)sest  voxels  io the global map of tile tcrrairi w i t h
respect, to some relative position bct}vt?t’11  Ibf ’ nla[w.

Sioce  we search for the best relative position lwtJvecll
t h e s e  m a p s ,  these distauces are varial)les. I/et  us say
that we have n occupied voxels  io our local ~nal). \Ye
clenote  the distances for these voxels  at. SOIIIQ  positioa
of the rover by DI . . . . . f~,). \$’llile  these distattccs art’
llotillde~)ellclellt ofeachotticr, }vemodeltlleln  MSUCII.
R e c e n t  }vork on deternlining  the tile probi~t)ility  o f a
falscr,ositivf>f  ornlatcbitlg~vitb the Ilallsclorff clistatlce
[3, 10] provides support for treatil)g these variables i,,-
d e p e n d e n t l y .  Lye thus forn)ulate the Iikelillood  fuac-
tioo for the rover position, .Y, a.s the produc t  o f  the
probability distributionso ftbese distarlcf:s:

1,(.Y) = &( D,; .Y), (1)
icl

For  convenience ,  WY, ivork in tlit’ In I.(.Y)  (lolnail~:

1111, (.Y)  D ~111/J(/~i;.Y) (2’)
i=l

‘I’ll<> posit  iol~ yicldillg  tile Inaxinlurll  l i k e l i h o o d  i s
takrli to Iw tllc ~)ositioli  o f  tlif> r o v e r . g’he prob-
al)ility distri}~ution  function  (1’ I)F) tha t  i s  used for
e a c h  voxel,  p( D*; .Y ), deterlninm  tbr matcliing m e a -
sure that. is used bct}veen  the o c c u p a n c y  Inaps. A
silllplc ttvo-vallml  I’1)1~ yields a measure equivalent

to tile Ilausdorfl’  fraction (lvbicll  is a colnmonly  u s e d
nlcasurc for illlage ~llatcbirlf;  [9]):

‘1’be relative values of kl and k? are irrelevant (as Ioag
as k? > O). 111 practice, lve use k~ = O and k? = 1.

Sup(’rior  results can be acl~ie~,ed by modifying this
probability cfistributioo  function [9]. Uncertainties in-

herent itl the occupa]lcy ]na~,s can be incorporated and
lve need  not  usc this sitnplc two-valued  PDF,  For ex-

atll~)le,  ~vc~ Ilave found that a Ilormal distributiotl with
a Corlstaltt  addi t ive  tcrln w’orks \vell:

where C’ is tlic set of occupied pixels itl the  g loba l
map, and t(ii) is the Iocatic)n  of the itb occupied pixel
in the local n]ap accord irlg to  some rf:lative positioo,
/, bctwwcn  tile nia[)s. ‘J’tlis distribution models the

case }Vllere tllc f’rror  ill fea ture  local izat ion in the oc-
cuj~a]lcy  n~ap I[m a aor[[[al clistributio~l. T h e  added
co[~statlt  allotvs  for cases w’btirr features are not found
at a l l  (e .g .  dllo to rati,ge sllado~vs).  Note t h a t  kl, k~,
and ~“:] art,  co[lstar~ts  that  slIould  he set based 011 t h e
error distrit)utiol) ill t]le  Iocat, io[] of tl]e  pixels and the
prol)ahility of tt]issing a feature,
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4 Finding the most likely position

~Ve locate the most likely rover  position by adapt-
ing a multi-resolution search strategy that has been
applied to conventional Hausdorff matching applica-
tions [10, 1 1].

As noted previously, we assume that the orientation
of the rover is known from other sensors. Furthermore,
the application of a high-pass filter to the occupancy
maps removes the need to search in the z-direction to
determine the position of the robot. WC thus search
only in the r and y-directio~ls. This two-d inlensioual
pose space is discretized at the same resolution as the

occupancy maps so that neighboring positions in the
pose space move the relative positiorls of the maps by
one map cell.

yfre first test t~l~ no~,linal  position of the rover  given

by the dead-reckoning so that we have an initial po-
s i t ion  and  l ike l ihood to  co[npare  agairtst. Next, the
pose space is divided into rectilinear cells. I:ach cell
is tested using, conservative testing techniques to de-
ter[nine whether it could contain a position that is
better than the best found so far. Cells that cannot
bc pruned are divided into s[naller cells, ~vhich are ex-
amined recursively. \$’hen  a cell containing a single

pose in the discretized pose space is reached, this pose
is tested explicitly.

‘1’hc  key tc) th is  method i s  a  quick mctl~od  to test

the cells. A cell is allo~ved to pass the test if it dots l~ot
contain a goc,d pose, but it should never prune a cell
that contains a pose that should }Jass the test, since
this could result in the best position being missed.

To  dcterrninc whether a cell C could contain a pose
that is superior to the best one found so far according
to the similarity measure described above, wc examine
the discrete pose c closest to the center of the cell. 11)
order to place a bound on the Lest position within tile
cell,  we compute the maximum clistance between tile
location to which a cell in the local occupancy map is
transformed into the global occupancy rnaj)  by c and
by any other pose in the cell. I)enc,tc tl~is distance AC.
If \ve treat poses .x$ functions that transform positions
in the local map into positions in the global  map then
A c can be  writtcrl:

(.5)

wllcre  1, is the set of occupied pixels in tile local map.

I,et D: denote  the rllaxirl~[[r[l likelilloocl  that the itl~
occupied cell in the local map can achieve accordir(g
to (1) }vitll respect to ariy  pow in cell C:

D? < rnax lr,~(~]c(~);c), (6)
llr-c(l, )\l<Ac

where Ii is the ith occupied cell in the local map and
I)G(r) is the distance transform of the global map.
‘1’he distance transform yields the distance from any
cell in the map to the closesL occupied pixel in the
map. This operation determines, for each occupied
cell in the local map, the n~aximurn likelihood that,
can be achieved over a radius of Ac from the relative
position in the global map that the local cell is mapped
by c. These values can often t,e calculated eflciently
o~,er the entire global map, depending on the Lp n o r m
used [9].

A bourid  on the overall likelihood yielded by the
best position in the cell is given  by:

(7)

If this likelihood does not surpass the best that we
have found so far, we car[ prune t)~c entire cell from
the search. Other\vise  the cell is divided into t}vo cells
of the same size by slicing it along the longest axis
and the process is repeated recursively until cells at
tile Io\vest  level arc reached.

III order to i[nplement this proccdurc efficiently, a
breadttl-first search of the cell hierarchy is used. \$’e
rllaintaiu the invariant that each of the cells at the
sartle level  of the search tree nave the same dimensions
and the breadth-first search examines all of the cells
at each level before procccdillg  to the next level. hrote
that AC; is a furlction ofonlj  the dimeusionsof  the cell,
al]d  not the position of the cell, when the pose space
consists of translations. Furthermore, each D: is a
function of orlly  Ac and the position that the center
of ttle cell maps tl)e  local cell into tllc global n~ap, so wc
can corn~)ute  ali of these values efflcient]y for each level
of the search tree using a dynamic algorithm [9]. This
allolvs  each cell to be processed very quickly. For each
occupird cell in the local map, we must only determine
tile position to ivhich  it is transforrued into the global
map,  look  UI) the ap!)ropriate lF at this position and
add it to tll(’ running total.

5 R e s u l t s

}\’e have testtd tllcse techniques  usirl: ciata f r o m
tlie klars I’atllfindcr ruis.siorl. A  rna~) of the terrair~
surrourlding  tl~e l’athfindcr Iarlder \vas f i rs t  gerierated
us ing  stereo i[[lagery. For cacll  l,osition of Sojourner
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(a) (t))

Figure 3: Sojourner 011  sol 21 (llt’iLr “SOufllc”). (a) (“c)lli[)osit( illlilg(,  frOIII the  Iautler. (t)) Illla,qc from  Sojourucr.

at wbicll  we tested tile Iocalizatioll teclllliquf’sl  we gerl -
erated au occupaucy ulap of the t e r r a i n  usiug ratlgc
data from Sojourucr’s stereo caltleras. ‘1’his local llla~J
\vas then compared to the global Inap fro[]i the li~tldt~r.

Uufortuilate]y, tliis has  ol)ly  bcell  l,ossiblc at a few
locations due to a limited an~outlt  of data returrled to
k~artb, a lack c)f i[ltcrt’stirlg terrait] ill sou)e  of tile iltl-
agery we do have , aud a lack of grourld  truth for ally
positio[ls  escf.-l)t  lvbere Sojc)uruer  \vas imagd l)y  t i l e

lauder  call)  eras. Ill p r a c t i c e , tlkme  techuiqut’s  c o u l d

he exerc ised  much Ioore freqlleutly  sillct> they Jvould
uot  requi re  clo~vlllin!iitlg  itnagc data to tlartb arid  tllr
g r o u n d  t r u t h  i s  orlly  necessary for testiug. WC enl’i-
sioll  a sceuario  where the data frolil  tile rover’s  llavi-
gatioll caI[]eras, w h i c h  Ivould  lJ(. olwratiug frequet]tly

iu order to perform obstacle cletectiou,  Ivould be used
to perforln loca]izatiou W’llcllever sullicie]lt terrail] w a s
evideut ii! the iInagcry. III addition, tllc imagery fronl
tnast calueras could be used  for localization] WIICII the
pos i t ional  uucertaioty gro}vs I>eyotl(l tl~e desired Icvel
aud t h e  illlagery fro[tl  tile Ilavigatioll  calneras is  U[l-
suitable.

f\s au exanlple of the data, l;igurc 3 shows thf’ lm
sition o f  S o j o u r n e r  a s  seen  frolll tllc Ia[ldcr  aud ttle
view frotn Sojourner at the eud of sol 21 ~ of tllc hlars
I’athfiuder missiou.  Iu acfditiou, Figure 4 sI1oJVS a sub-
set of tile digital terrain rl~ai) of the site cotnputcd  us-

ing lauder imagery, which wc used as tile global tl]ap,
a[l(l a  d i g i t a l  krraiu [nap cotllpllttd  frolll  Sojour[ler
iu)ag(>ry ’, which we use{1 as tile local  IIIa[J for sol 21 .

Note that the stereo data ol)tai[led frolll  %jourller is
uot as good as we IIol)e
Accurate stereo data is
_ — _ —  — . .

] .~ SO I is a ilart  iall  (lay

to acllievc ill future I[lissiolls.
achieved oilly  for tile cetltra]

portiolt  of tllc Sojourner  i[llagery due tc) inaccurate
calil)ratioli o f  t h e  fish-eye  l(~tlscs. ‘1’he field-of-view

t h a t  Ive IIave to ~vorli ~vitb i s  thus  re la t ively  smal l .
Ilowv’ver, we IIave achieved goc)d localization results
}vltll tills d;ita.

‘1’able 1 sllo~vs ttlt> rtsults of localization usiug the
techniques described ill this I)alwr  versus the localiza-
tion that }vas ohtailled by Ilutllall o p e r a t o r  t h r o u g h
overlayitlg a rover nlodel 011 the stereo data obtained
froth i[[lagillg  the rover froltl tlie lauder. For sol 42,
}VC’  Ilave tlvo localization results, oue prior to aud oue
a f t e r  a  turtl hy the rover, ‘1’tle operator Iocalizatioll
lvas pcrforlllml after tile tur)l.

‘I’ll,’ results show’ close  agrt>crlleut  betw’ccu our tech-
rliques  and tile oj)t’rater Iocalizatioll for four of the
SOIS. I:or SOIS I, 2?,  aud ?2.  there is soIoe  disagreement.
l’ossit)le  sollrccs of error iucl~lde  inaccurate calibration
of either tllc rover or Iaudcr callleras aud operator er-
r o r  ill IwrforllliIlg Iocalizatio]l. Xlanual  examination

of tile lnzi~)s indicates that tile local izatioll techniques
dctcrlnille the qualitatively correct positiou  io these
Cas(:s, \Ve couclu(ie that these tectluiques  cau perfor[o
localization ucarly as well as a llurnan operator.

Note that tllcsc tecblliqut>s  require orlly a few sec-
ouds to pt’rforln  Iocalizatioi L, both f o r  t h e s e  t e s t s ,
~vliictl  have  b e e n  perforl[lcd ou a ~vork-station, a u d
itl ollr  irlll)lelllellt:itio[l ou-board f{ocky ?.

6 Summary

\\’e  Ilavc (Iescril)td a Illetllc>d for pcrforllliug  r o v e r
stlf-localizatio[i hy per forrlling I[laxillllllll l i k e l i h o o d
IIlatcllitlg o f  tt’rraill llla~)s. \Ve first  geuerate a  lo-

.j
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(a) (l))

Figure 4: l)igital  terrain nlaps that were lilatcttml  to local-
ize Sojourner on sol 21. Black  are~~ indicate no data. (a)
~lap  of terrain  near “Souffle” created using lander in[agcry
(taken  on sol 2!). (b) Llap  of terrain in front of Sojourner
from rover calnera-q (taken o[l sol 21).

cal map of tbe terrain using, stereo vision. ‘1’bis IIiap
is  co[flpared to a global m a p  Clicotnt)assitlg  the salllc
terrain to cleterroine the opti[nal relative position t)f.-
twtwn  tbe maps using a Jnaxinlolll  likelihood forlnu-
lation of iruage nlatcbing techniques .  ‘1’his teclllli(loe
is  guaranteed to  find tlw best position in sotlie  dis-
cretization of tile f)ose  space and does not, require ail
initial estiinate of tile rover  position.

‘l’lie goal of this method is to ~~rovidc greater ao-
tooomy  f o r  h~ars  rovers and we Ilave  applitxl these
tecbniquos  to  data  fro[l~ tbe h[ars ~’z~tflfinder I[lissiotl.
Jybile tbe data that we have is limited, and tile quality

is not as bigb  as }Ve expect in fut urc lnissions,  rover

sol—.—
4
10
21
27

42a
4 ‘2 b
~~

‘~aEr~cali7,atio11

.r

+

xY Y

:1.28 -2.69 if)  1 -’2.64

4.34 -3.24
3.32 -2.60

-5.42 2.85
-3.00 -1.86
-3.00 -1.86
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l ’ a b l e  1 :  Cotnr)arison  of rover P@ition+ d~’tf’rrnirle[l tW’ a
human operator overlaying a rover  modrl ou stereo data

o f  the  rover and by tkc  k)r_ali7ation tccl!niquts  dcscrilxd
in this paper.

local izatiol[ Ivitll  accuracy of  nearly the sallw q u a l -
ity as that ol)tailled froln a I]u[[lan  operator lt.as been
df’[llotlstrate{l.

Areas that.  I)ear  further st~ldy are tile dcveloplnent
of a Iocalizal)i]ity  [llcasure for  ter ra in  rnai)s ill order
t o  l~lali elfectivc Iocalizatioli ste~)s, a n d  tile develop-
IIletlt of a l~rol)al)ilistic  ullcertait)ty Illeasure s o  t h a t
IIIOS(J  t(cllllitl~lts  cat] be collll)illcd  w i t h  o t h e r  lnetll-
o~ls for p~’rforlllittg  Iocalizatioll. Ill the future, }ve plan
t o  itlt~’grate  tllwr teclltli(l~lcs  into a[l orgaliized  navi-
giltiOIl 111(’tllo(lology. itl Jvllicll a Kirlinan f i l ter  is  used
to  sytltlt(’hizr a rovor  posit io!l estitllale froth a variety
of sf,lisors  att(l tllc rovt~r’s IJatl) l)lallner  interacts lvitll
tli( Kallllall  f i l ter  illl(l Iocalizatiotl  tfx-lllli(lues  to platl
IVII(II  ali(l  \vlItrt’  local izatiolt slI(Juld Iw [)erfor]lled.

‘1’ILc  research described irl this paper lvas carried
ollt l~y tile .Jet l)ro~)ulsioil  I,ai)oratory, California Insti-
t ute of ‘1’ecllnology, under a contract }vith the National
Aeronaut ics  atld SJJace }\cllllitlist  ration.

‘1’llis work is all elelnent of tllr Lollg  Ralige Science
Rover project, lvllicb  is developing technology for fLl-
turt hlars IIiissiolls.  ‘1’bis project is funded as part of
tl~e hlASA  Sl)ace  ‘1’elerobotics  I’rograHI,  t h r o u g h  the
J f’[. f{obotics and illars F;xp]oratiorl  ‘J’ethnology Of-
fict’.
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